Production of the P-Wave Excited S c -States through the Z° Boson Decays 
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In Ref.0], we have dealt with the production of the two color-singlet 5- wave (cfc)-quarkonium 
states Bcdtcfyil 1 So])) and Bc(\(cb)i{ s Si])) through the Z° boson decays. As an important 
sequential work, we make a further discussion on the production of the more complicated P-wave 
excited (c5)-quarkonium states, i.e. |(c6)i[ 1 Pi]) and |(c&)i[ 3 Pj]} (with J = (1,2,3)). More 
over, we also calculate the channel with the two color-octet quarkonium states |(c6)b[ 1 So]<?) and 
|(c6)s[ 3 Sx]g) , whose contributions to the decay width maybe at the same order of magnitude as that 
of the color-singlet P-wave states according to the naive nonrelativistic quantum chromodynamics 
scaling rules. The P-wave states shall provide sizable contributions to the B c production, whose 
decay width is about 20% of the total decay width T z o^ Bc . After summing up all the mentioned 
(co)-quarkonium states' contributions, we obtain r z o_> Bc = 235.9^22 o KeV, where the errors are 
caused by the main uncertainty sources. 

PACS numbers: 12.38.Bx, 12.39.Jh, 14.40Lb, 14.40.Nd 



With the luminosity raises up to C oc 10 a 
or higher as programmed by the Internal Linear Collider 
[l|, i.e. the so called Gigaz @, and by the newly pur- 
posed Z- factory [[J, it will open new opportunities not 
only for high precision physics in the electro- weak sector, 
but also for hadron physics. The discovery of B c me- 
son by the Collider Detector at Fermilab [H is one of the 
important discoveries in heavy quark physics. Due to its 
particular nature, the B c meson has attracted wide atten- 
tion. Its hadronic production and decay properties have 
been throughly studied by the literature, a minircvicw 
of its recent improvements can be found in Ref.[f|. For 
example, its semi-leptonic decays can provide a platform 
to check the color-octet mechanism of Non-Relativistic 
Quantum Chromodynamics (NRQCD) theory Q. 

Recently, we have made a detailed discussion on the 
production of the spin-singlet B c (|(c6)i[ 1 5o])) and the 
spin-triplet B* (|(c6)i[ 3 5i])) mesons in Ref.0], which 
are produced through the Z° boson decays and are 
dealt with under the 'New Trace Amplitude Approach'. 
The higher excited states, such as the P-wave states or 
more strictly the higher excited (c6)-quarkonium states, 
may directly or indirectly (in a cascade way) decay to 
the ground state with almost 100% possibility via elec- 
tromagnetic or hadronic interactions. So the produc- 
tion of the higher excited (cfo)-quarkonium states can 
be regarded as additional sources of B c production. 
The hadronic production of the P-wave (cfe)-quarkonium 
states through the dominant gluon-gluon fusion mech- 
anism have been studied in Refs. [8-[l3j . Especially, 
one can conveniently generate the hadronic S-wave and 
P-wave (cfr)-quarkonium events by using the generator 
BCVEGPY hj. More over, the indirect production 
of the P-wave (c6)-quarkonium states through the top 
quark decays have been discussed in Refs.flJ, [l5j]. It 



has been found that the higher excited states as P- 
wave states can provide sizable contribution in both the 
hadronic production and its indirect production through 
top quark decays at LHC. So as a compensation, it would 
be interesting to study the production of the P-wave (cb)- 
quarkonium events through the Z° decays. 

In the NRQCD framework [13, 0]) a heavy quarko- 
nium is considered as an expansion of various Fock states. 
The relative importance among those infinite ingredients 
is evaluated by the velocity scaling rule. Namely the 
physical state of hs a and \b can be decomposed into a 
series of Fock states as follows, 



= O(v°)\(cb) 1 [ 1 P 1 ]) + O(v 1 )\(cb) a [ 1 S }g)- 



and 
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where v is the relative velocity, and the symbol • • • 
means even higher Fock states. We use the symbols 
hs c and Xb to denote the four physical P-wave states, 
i.e. hs a denotes the P-wave state with the dominant 
color-singlet state (c6)i[ 1 Pi] and Xb c denotes the P-wave 
states with the dominant color-singlet states (cb)i[ 3 Pj] 
with J = (1,2,3) respectively. Here the thickened sub- 
script of (c6)-quarkonium denotes the color index, 1 for 
color-singlet and 8 for color-octet. As a full estimation of 
the P-wave production, we shall discuss the production 
of the following Fock states simultaneously, |(c6)i[ 1 Pi]), 
KcbU^Pj}), \(cb)s[ 1 S ]g) and \(cb) 8 [ 3 S 1 ]g). 

The Feynman diagrams for the process Z° — > (cb)+b+c 
are presented in Fig.([T]), where the (c6)-quarkonium 
stands for the_ Fock states_ {(cfyi^So]), \(cb)t[ 3 Si]) , 
Kc&KpPr]), \(cb) s [ l S ]g), \(<*)i[ 3 Pj}) and IWtfSJg) 
respectively. According to the NRQCD factorization for- 
mula, the decay width of the process can be written in 
the following form 

alT = J^df (Z° -> (cb)[n] + b + c)(0 H (n)), (3) 
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FIG. 1. Feynman diagrams for the process Z°(k) — >■ (c6)(ga) + 
6(92) + c(gi), where (c6)-quarkonium stands for the Fock 
states {(cb^So]}, \(<£)xfSi]), Kc&Jifft]}, Kcftjs^ojs), 
\{cb)i[ 3 Pj]) and |(c6) 8 [ 3 Si]s) respectively. 



where the non-perturbative matrix element (O h (n)) is 
proportional to the inclusive transition probability of the 
perturbative state {cb)[n] into bound state. The color- 
octet matrix elements are smaller than the color-singlet 
matrix elements by certain v 2 order. More specifically, 
based on the velocity scaling rule and under the vacuum- 
saturation approximation, we have [(| [l2l [l6j 

((c&) 8 [ 1 5 ]|O 8 ( 1 5 )|(c6) 8 [ 1 5 ]) 
~ A s (v) 2 ■ ((cb^SoWOxCSo^cb^So]) (4) 

and 

((cb) s [ 3 S 1 ]\0 8 ( 3 S 1 )\(cb) 8 [ 3 S 1 ]) 
~ A s (v) 2 ■ ((cb) 1 [ 3 S 1 ]\0 1 ( 3 S 1 )\(cb) 1 [ 3 S 1 ]) , (5) 

where As (v) is of order v 2 , and we take it to be within the 
region of [0.10, 0.30], which is consistent with the identi- 
fication: As(v) ~ a s (fflfl c ij). For the color-singlet com- 
ponents, the matrix elements can be directly related with 
the wave functions at the origin for the .S'-wave states or 



with the first derivative of the wave functions at the ori- 
gin for the P-wave states, which can be computed via the 
potential models [HUH] and/or potential NRQCD (pN- 
RQCD) [13 and/or lattice QCD [Hill, and references 
therein. 

The short-distance decay width dT(Z° — > (cb)[n]+b+c) 
can be written as 

df(Z° -+ (cb)[n] + b + c) = ^J£\M\ 2 d^ (6) 

where ^2 means that we need to average over the spin 
states of the initial particles and to sum over the color 
and spin of all the final particles. In Z a rest frame, the 
three-particle phase space can be written as 

The detailed process for dealing with the 1 — > 3 phase 
space can be found in the Appendix A of Ref.[7], from 
which we can conveniently obtain the differential de- 
cay widths such as dT/dsi, dT/ds2, dT jd cos #13 and 
dr/dcos6»23, where s\ = (<?i + q 3 ) 2 , s 2 = (qi + g 2 ) 2 , 
013 is the angle between q\ and 93, and #23 is the angle 
between q\ an d qz- 

The hard scattering amplitude for the process Z°(k) —> 
(c6) [n] (33) + &(<7 2 ) + c{q\) can be written as: 

4 

iM = Cu sl (q 2 ) ^ A n v s >j(qi), (7) 

n=l 

where C = . „ e9s — 3— x -4=&,- for the color-singlet case 
and C = . / 9 ° a x (y/2T a T b T a ) ii for the color-octet 

sm 6 W cos G w V v / 1 3 

case (y/2T b stands for the color of the color-octet (cb)- 
quarkonium state) respectively. The gamma structure 
A n (n = 1, • • •> 4) corresponds to the four Feynman di- 
agrams in Fig.([T]), respectively. A n for the color-singlet 
S'-wave states can be found in Ref . [7j , and for the color- 
octet S'-wave states, one only need to change the color- 
singlet color factor there to the present color-octet one. 
While for the P-wave states, A n can be written as 
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where T z i = 

■j7 5 and g is the relative momentum between the two 
constitute quarks of (c6)-quarkonium. 531 and (732 are 
the momenta of the two constitute quarks, i.e. 



E £ S £ S* = ^( n -' n /3/5' - iW<rw) (22) 

Jz 

E £ S £ S* = ^n^ + v^) - in Q/3 n a (p) 
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-93 + 9 and g 32 = 



-93 - q, 



(16) 



where tob c = wi + w c is implicitly adopted to ensure 
the gauge invariance of the hard scattering amplitude. 
e(k) is the polarization vector of Z°. e s (pi) and £j(pi) 
are the polarization vectors relating to the spin and the 
orbit angular momentum of (cb)- quarkonium, £^(93) is 
the polarization tensor for the spin triplet P-wave states 
with J = 0, 1 and 2 respectively. The covariant form of 
the projectors can be conveniently written as 



K 

93 



(9) 



4mf,TO c 32 



-"T-b)75(^ 31 +m c ), (17) 



and 



n^(9) 



4m(,m c 32 



"i 6 )7 v (^ 31 +m c ), 



(18) 



After substituting these projectors into the above ampli- 
tudes and doing the possible simplifications, the ampli- 
tudes then can be squared, summed over the freedoms 
in the final state and averaged over the ones in the ini- 
tial state. The selection of the appropriate total angular 
momentum quantum number is done by performing the 
proper polarization sum. If defining 



n, 



a/3 
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PlaPl/3 
M 2 



(19) 



the sum over polarization for a spin triplet S-state or a 
spin singlet P-state is given by 



E 



(20) 



where J z = s z or l z respectively. In the case of 3 Pj 
states, the sum over the polarization is given by [26] 



_(0)_(0)* 



1 



(21) 



We adopt the 'new trace amplitude approach' [1J, [27| 
to derive the analytical expressions for the process Z° — » 
(cb) + b + c, where (c6)-quarkonium is in |(c6)i[ So]), 
Kc&HpSi]), \(cb) 1 [ 1 P 1 }), \(cb) s [ 1 S ]g), Kcb^Pj)) and 
|(cfo) 8 [ 3 S'i]c/) respectively. We have dealt with the case 
of the two 5-wave states |(c6)i[ 1 5o]) and |(c&)i[ 3 Si]) in 
Ref.Q- At the present, we continue our work for the P- 
wave states, i.e. to calculate the coefficients together with 
the independent Lorentz-invariant structures for the P- 
wave case. The derived coefficients are very lengthy and 
complicated, and to short the paper, we shall not present 
them here, but shall give the main idea for deriving them 
in the Appendix 0. 

In doing numerical calculation, we take mz — 91.1876 
GeV and a s (m z ) = 0.1176 [29|. To be consistent 
with the present leading-order calculation, we adopt the 
leading-order a s running, and by taking the normaliza- 
tion scale to be 2m c , which leads to a s (2m c ) — 0.212. 
The two constitute quark masses are taken as mb = 4.90 
GeV and m c = 1.50 GeV. Here, as explained by Ref. 
we take the same (constitute) quark masses for both 
the P-wave and S-wave states production. As for the 
wave function at the origin and the first derivative of the 
wave function at the origin, we fix their values to be: 
|P S (0)| 2 = 1.642 GeV 3 and |P P (0)| 2 = 0.201 GeV 5 gj. 



By 

"1(06)1 



taking the above parameter values, 
1So]) = 81.4 KeV, r Kc - 6)i[3Sl]) = 
i Pl]) = 8.6 KeV, r| (cb)l[3Po]) = 
3Pl]) = 10.5 KeV, r| (c5)i[ 3p 2]) = 



IWaPSo]) 



= 10.2 x v 4 KeV and T 



IWsPSd) 



we obtain 
116.4 KeV, 
5.2 KeV, 

11.6 KeV, 
= 14.5 x v 4 



KeV. It can be found that the decay width of all the P- 
wave states is about 45% of that of the ground state B c 
(licfyii 1 Sq\)). Then the P-wave states should be taken 



1 Detailed formulae can be found in Ref. 28] and the Mathematica 
programs in deriving them are available upon request. 
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FIG. 2. Differential decay width dT/dsi (Left) and 
dT/d,S2 (Right) for the process Z° — > (cb) + b + c, where 
the squared line, the crossed line, the dotted lines, the 
solid line, the dashed line and the dash-dot line are for 
|(cb)i[ 3 Si]>, KcftW^o]), |( C b)i[ 3 P 2 ]>, |(cb)i[ 3 Pi]>, \(dS)x[ l J\]) 
and |(c6)i[ 3 Pq]) respectively. 



FIG. 3. Differential decay width dF/dcos #13 (Left) and 
dY/d cos 623 (Right) for the process Z° — > (cb) + b + c, 
where the squared line, the crossed line, the dotted lines, 
the solid line, the dashed line and the dash-dot line are for 
|(cb)i[ 3 _Si]>, Kcfc^So]}, |( C b)i[ 3 P 2 ]>, |( C &)i[ 3 A]>, KcSjifPi]) 
and |(c6)i[ 3 Po]) respectively. 



into consideration so as to make a sound estimation of 
the B c meson production. And if taking v 2 ~ 0.3, the 
two color-octet S-wave states shall only provide ~ 3% 
contribution to the ground state B c . 

We present some typical differential distributions for 
the (cfo)-quarkonium production through the Z a decays in 
Figs.(|inj|, where the results for |(c&)i[ 3 5 , i]),J(c&)i[ 1 5 ]), 
|(c6) 1 [ 3 P 2 ]), Kc^xpPi]), KcSjipJi]) and ((c^Po]) are 
presented. Here the two color-singlet S'-wave states 
|(c6)i[ 3 5i]) and |(c6)i[ 1 5o]) are put together for a com- 
parison. Since the difference between the color-singlet S'- 
wave states and the color-octet S-wave states is an over- 
all color factor, the shape of their curves are the same, 
so we do not present the curves for the color-octet ones 
in Figs. (|2l3l) . This is quite different from the case of 
B c hadronic production, which has a much more compli- 
cated color structure (color flow), and due to the cance- 
lation and enhancement of the different color flows, the 
color-octet and color-singlet curves behave quite differ- 
ently [l2| . More explicitly, for the dominant gluon-gluon 
fusion process (g + g —> (cb) + b + c) for the hadornic pro- 
duction, there is five independent color factors for the 
color-singlet case, while for the color-octet case, the in- 



dependent color factors change to ten [T^, [l3j]. This is 
the reason why the color-octet S-wave states can lead to 
sizable contributions to the hadronic production of B c in 
comparison to the color-singlet P-wave states [Tig , as is 
required by the naive NRQCD scaling rules. While for 
the present case, the color-octet states give somewhat 
negligible contributions. 

Fig. ^ shows the differential distributions of the in- 
variant masses si and S2, i.e. dT/ds\ and dT/ds2, where 
si = (<?i + qz) 2 and s 2 = (<7i + (ft) 2 • Fig.Q shows 
the differential distributions of cos #13 and cos 6*23, i.e. 
dT/d cos 6*i3 and dr/dcos#23, where #13 is the angle be- 
tween cfi and 173, and 6*23 is the angle between 172 and 173. ft 
can be found that for all the considered (cfe)-quarkonium 
states, the largest differential decay width of dT/cicost9i3 
is achieved when #13 = 0°, i.e. the (c6)-quarkonium and 
c-quark moving in the same direction. While the largest 
differential decay width of dT/d cos 6*23 is achieved when 
823 = 180°, i.e. the (c6)-quarkonium and 6-quark moving 
back to back. 

Next, it would be interesting to show the theoretical 
uncertainties for the production. For leading order cal- 
culation, its main uncertainty sources include the ma- 
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m c (GeV) 


1.20 


1.50 


1.80 


r (c5)lFSnl> (KeV) 


183.5 


81.4 


42.2 


r (cS)iPSil>( KeV ) 


280.1 


116.4 


57.1 




27.6 


8.6 


3.2 


r(c« n [3p n n(KeV) 


14.7 


5.2 


2.3 


r Cc5)ipJ»i]>( Ke V) 


33.8 


10.5 


4.1 


T ( c6)l[ 3p 2l> (KeV) 


43.8 


11.6 


3.9 



TABLE I. Uncertainties for the decay width of the process 
Z° — > (cb) + b + c with varying m c , where m b is fixed to be 
4.9 GeV. 



m b (GeV) 


4.50 


4.90 


5.30 


r (cS)lf i Snl) (KeV) 


82.1 


81.4 


80.8 




114.2 


116.4 


118.5 


r (c6) 1 [lP 1 l)( Ke V) 


8.7 


8.6 


8.4 


T ( c5)l [ 3 Pnn (KeV) 


5.7 


5.2 


4.7 


r Cc5)ir s Pll> (KeV) 


11.0 


10.5 


10.1 


T Co5)lI 3 P2]) (KeV) 


11.3 


11.6 


11.7 



TABLE II. Uncertainties for the decay width of the process 
(cb) + b + c with varying mj, where m c is fixed to be 



to 



1.5 GeV. 



trix elements, the renormalization scale /ir, the quark 
masses mj and m c . Since the mo del- dependent -Rs(O) 
and R' P (0) emerge as overall factors and their uncertain- 
ties can be conveniently discussed when we know their 
values well, so we shall not discuss such uncertainties 
in the present paper, a(^in) is another overall param- 
eter, one can set [ar to be 2m c or 2m&, since the in- 
termediate gluon as shown in Fig.([T]) should be hard 
enough to produce a cc-quark pair or a 66-quark pair. 
By setting these two scales to calculate the process, we 
obtain r Mfl=2mi> /r A(R= 2 roc oc a 2 (2m b )/a 2 (2m c ) ~ 0.67. 
For definiteness, we fix {j,r = 2m c . As for the uncer- 
tainties caused by m c and m b , we shall study them in 
'a factorizable way'. When focussing on the uncertain- 
ties from m c , we let it be varying within the range of 
m c = 1.50 ± 0.30 GeV with all the other factors, includ- 
ing the 6-quark mass and etc. being fixed to their center 
values. Similarly, when discussing the uncertainty caused 
by nib, we vary the 6-quark mass m b within the region of 
m b = 4.90 ± 0.40 GeV. 

The decay width for the (cfe)-quarkonium production 
through the Z° decays with varying m c and nib are pre- 
sented in TABU and TABHH For the color-singlet S- wave 
states, our present results different from those of Ref.Jzj 
at some mt values as shown by TAB [HI It is found that 
such differences are merely caused by the numerical in- 
stability at some singular phase-space points, and at the 
present, we have improved our numerical treatment so 
as to make the results more reliable. It shows that the 
decay width is much more sensitive to m c than that of 
TOh, and the decay width of the P-wave states are more 




s 2 (GeV " 



FIG. 4. Uncertainties of differential decay width dT/dsi 
(Left) and dY/ds 2 (Right) for -_Z° -> (cb) + b_+ c, where 
|(c6)i, 8 [ 3 Si]), Kc&KspSo]), l(c&)i[ 3 P./]> and Kc^A]} arc 
taken into consideration. 



sensitive to quark masses than the S'-wave states. 

By adding the uncertainties caused by mb and m c in 
quadrature, we obtain 



IWiI'So]) 
l(cS)i[ 3 Si]> 

\(cb)i[ 3 P„]) 
l(cb)iPPi]> 
|(c6)iPft]) 



|(c5) 8 [iS ]g> 
"|(c5) 8 P,Sd9) 



SlAt 1 ^ 1 KeV, 
116.4t^ 3 7 KeV, 
8.6tl 9 4 ° KeV, 
5.2±H KeV, 

KeV, 
11.6±f 2 7 2 KeV, 
10.2;^ 2 9 8 x v 4 KeV, 
14.5± 2 7 ° 4 5 x v 4 KeV. 



(24) 
(25) 
(26) 
(27) 
(28) 
(29) 
(30) 
(31) 



If assuming the higher excited states decay to the 
ground state B c (\(cb)x^- Sq\)) with 100% efficiency, then 
we obtain the total decay width for the process Z a — > 
B c + b + c, i.e. 



,_b c = 235.9^ 2 ;* KeV , 



(32) 



where for the color-octet S'-wave matrix element, we take 
v 2 = 0.20 as its central value. It is found that the total 
decay width of all the P-wave states, including the two 
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cos e 23 

FIG. 5. Uncertainties of differential decay width dr/dcos#i3 
(Left) and dT/d cos 2 3 (Right) for Z° -)■ (cb) +b + c, where 
I(c6)i, 8 [ 3 5'i]), K&KtfSo]), |(cb)i[ 3 Pj]> and \(cb) 1 [ 1 P 1 }) are 
taken into consideration. 



color-octet S-wave quarkonium states' contributions, is 
around 20% of the total decay width. So these higher 
Fock states contributions should be taken into consider- 
ation, especially for the future high collision and high lu- 
minosity colliders. The shaded bands in Figs. (|4I5[) show 
the corresponding uncertainty more clearly, where all the 
above mentioned Fock states |(c2>)i,8[ 1 <Sb])) | (c6)i,8 [ 3 Si]), 
|(c5)i[ 1 Pi]) and |(c6)i[ 3 Pj]) are summed up. The center 
solid line is for m c = 1.5GeV and m& = 4.9GeV, the up- 
per edge of the band is obtained by setting m c — 1.2GeV 
and nib — 5.3GeV, while the lower edge of the band is 
obtained by setting m c = 1.8GeV and nib = 4.5GeV. 

As a summary: In the present paper, we have finished 
a discussion on the (c6)-quarkonium production through 
the Z° decays, where (c6)-quarkonium in |(c&)i s[ 3 Si]), 
KcShspSb]), l(^)i[ 3 Pj]) and l(<*)i r i\]) have been 
taken into consideration. We have adopted the 'New 
Trace Technology' to obtain the analytic expressions for 
the amplitude, which shall be helpful for certain cases, 
especially when one wants to simulate the B c events at 
the suggested Z- factory 0, Q . 

It is found that the P-wave states can provide siz- 
able contributions to the ground state (B c ) production, 
which is about 45% of that of the ground state and leads 
to ~ 20% contribution to the total decay width. Un- 



der such a comparatively large production rate from Z° 
decays, the P-wave quarkonium itself is worthwhile to 
study the possibility of directly measuring the P-wave 
states, which is very important in understanding the 
(c6)-quarkonium mass spectrum and testing the poten- 
tial models. It is found that the P-wave states are more 
sensitive to the quark masses than the S-wave states. 
If all the low-laying excited states decay to the ground 
state P c ((c6)i[ 1 S'o]), we obtain the total decay width for 
B c production, i.e. 235.9^22^0 KeV, where the errors 
are caused by varying nib and m c within their reasonable 
regions m c G [1.2, 1.8] GeV and m c G [4.5,5.3] GeV and 
by varying v 2 e (0.1,0.3). 
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APPENDIX: MAIN IDEA FOR DERIVING THE 
AMPLITUDE OF Z°(k) ->■ (cb)(q 3 ) + b(q 2 ) + c(qi) 

We adopt the 'new trace amplitude approach' [l4], H3] 
to derive the analytical expression for Z° — > (cb) + b + 
c, where (c6)-quarkonium is in |(c&)i[ So]}, |(c6)i[ Si]}, 
K^xpP,]}, |(c5) 8r S ] S >, KcSjipPj]) and Kcb^S^g). 
The detailed formulae for the present case can be found 
in Appendix B of Ref. 0] • Here, we shall only present the 
main idea of the approach. 

As shown by Fig. ([lj , there are four Feynman diagrams 
(amplitudes), we first arrange each of the four ampli- 
tudes listed in Eqs. (|8l9ll0llll) or Eqs. (|12ll3ll4ll5j) into 
four orthogonal sub- amplitudes according to the four spin 
combinations of the outgoing 6-quark and c-antiquark. 
Next, we do the trace of the Dirac-7 matrix strings at 
the amplitude level by properly dealing with the mas- 
sive spinors, which will result in explicit series over in- 
dependent Lorentz-invariant structures. Finally, we de- 
termine the analytical expressions for the coefficients of 
these Lorentz-invariant structures. 

The independent coefficients can be schematically rep- 
resented by Aj, where i — (1,2, 3', 4') and j = (1, • • • , n) 
with n equals to the maximum independent Lorentz 
structure number for a particular quarkonium state. The 
coefficients of the color-singlet S-wave states J(c6)i [ : So]) 
and |(c6)i[ 3 Si]) have been presented in Ref. 7]. The re- 
sults for the color-octet S-wave states, |(c5) 8 [ 1 So]g) and 
\(cb)s[ 3 Si]g), can be easily read from the color-singlet 
S-wave case, since the only difference is an overall color 
factor. For spin-singlet |(c6)i[ 1 Pi]), there are twelve ba- 
sic lorentz structures, which are the same as that of 
I (cb)i [ 3 Si]) [7] , only one need to change the spin polariza- 
tion vector there to the present orbit polarization vector. 
For the spin-triplet |(c6)i[ 3 P/]) states, there are totally 
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34 independent basic Lorentz structures Bj, i.e. 



Bi 
B 5 
B 8 
B n 

B14 

Bn 
B20 
B23 
B26 
B29 
B32 



—q 2 ■ e{k)ei a , B 2 = —q 3 ■ (-{k)e J aal B 3 = —q 2a ef S (k)ei l3 , B 4 = —k a e (k)si , 
m z m z m z 1 m z r 



ie J i£ J a a i£ J 

— 2 f-£(k,q 2 ,q 3 ,e(k)) 7 B 6 = — T e(k,q 2 ,q 3 ,a)ep(k) 7 B 7 - 
m% m% m% 



a 6 



e(k,q 3 ,e(k),a)q 2 0, 



is 



j 

%-s(k, (72, a, P)q 2 • e(k), B g = —^-e(k, q 3 , e(k), a)kp, B w = —^-e(k, q 2 ,e(k),a)kp, 



IE 



a/3 



IE 



a/3 



e(k,q 3 ,a,/3)q 3 ■ e(k), B 1 



E(k,q 2 ,e(k),a)q 2 p, B lt 



is 
m 
ie 



in''. 



e(k,q 2 ,a,f3)q 3 ■ e(k), B 13 



ie 



a/3 



£(k,q 3 ,a,/3)q 2 ■ e(k), 



IE 



a/3 



IE 



e(<?2, 93, e(k),a)q 2/ 3, B w = —^-s(q 2 , q 3 , a, (3)q 2 ■ e(fc) 



IE 



a/3 



IE 



a/3 



£(<72,93,a, P)g3 ■ e(fc), B ls 

Z " V Z 



m% m% m z 



e(92,g3,e(fc),a)fc,3, Bi 



ie 



a/3 



e(k,e(k),ot,0), 



IE 



a/3 



IE 



21 



a/3 



£(q 3 ,e(k),a,/3), B 2 



IE 



a/3 



>22 

m, z m z m z 

lr £{k,q 2 ,q 3 ,a)q2pq2 • e(k), B 2i = —^-E(k,q 2 ,q a ,a)k l 3q 2 • e(k), B 2t> - — ;7 



£{k 1 q 2 ,q 3 ,a)k fi q 3 ■ e(k), 



IE 



a/3 



IE 



a/3 



IE 



a/3 



III 



1 z t,b z 

— r-£(k,q2,q 3 ,e(k))q 2a q2i3, B 27 = — r-£{k,q 2 ,q 3 ,e(k))k a k l 3, B 28 = — ^-£(k,q 2 ,q3,e(k))k a q 2 a, 
m z m z m z 

-^rk a kf3q 3 ■ e{k), B 30 = -^k a q 2 pq 3 ■ e(fc), B 31 = -^-k a k fj q 2 ■ e(fc), 
m z m z m z 

£ j £ .j £ j 

-^§-k a q 2 pq 2 ■ e(fc), B 33 = -^§-q 2a q 2 pq 3 • e(k), B 3i = -^§-q 2a q 2 0q 2 • e(k). 



111', 



£(k,q 2 ,q 3 ,a)q2pq 3 ■ e(fc), 



mi 



in: 



TYl r 



(33) 



It is noted that e°'o is the symmetric tensor and e*^ 
is the anti-symmetric tensor, and the fact that £^ Q = 
£ aa — 0- so the terms involving the following coefficients 
have no contributions to the square of the amplitude, and 
practically, we can safely set the coefficients before them 
to be zero: 



A)(\(cb) 1 [ 3 P 2 }))=0 fori =(1-4), 
j = (1,2,5,8,11,12,13,16,17,19,20,21). 



(36) 



4(|(c6)i[ 3 P ]» = fori =(1-4), 
j = (8, 9, 11, 12, 13, 15, 16, 17, 19, 20, 21, 22, 23, 24, 25) 

(34) 

4(|(c6)i[ 3 Pi]))=0 fori =(1-4), 
j = (1,2,5,26,27,29,31,33,34) 



The non-zero coefficients for the independent Lorentz- 
invariant structures are very lengthy and complicated, 
so to short the paper, we shall not present them here. 
The interesting reader can turn to Ref.[28[ for detailed 
(35) expressions. 
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